The influence of the well-known 1976-1977 regime shift on the Northern anchovy (Engraulis mordax) and the Pacific sardine (Sardinops caeruleus) populations in the California Current System (CCS) is investigated using a climateto-fishery model. This model consists of four coupled submodels (regional ocean circulation model; Eulerian nutrient-phytoplankton-zooplankton-detritus model; individual-based full life cycle anchovy and sardine model; agent-based fishery model). Analysis of a historical simulation showed that survival fraction of age-0 anchovy was lower just after 1977, while survival fraction of age-0 sardine was relatively unaffected by the regime shift. The age-0 survival of both species was influenced by the growth in the larval stage. Simulated zooplankton densities in the historical simulation shifted from high to low in 1976-1977 in the CCS, with the shift being most drastic in winter in the coastal area. The model also shows that anchovy larvae feed extensively from winter to early spring in the coastal area, while sardine larvae were mainly distributed in the offshore area. The differential seasonal and spatial responses of zooplankton in the simulation caused anchovy survival to be more sensitive than sardine to the 1976-1977 regime shift. The model-generated zooplankton shift was a result of reduced phytoplankton production due to lowered nutrient concentrations after 1977 due to the weakening of both the coastal upwelling and mixed layer shoaling, which reduced the vertical nutrient flux from the bottom layer to the surface layer.
Introduction
Background Anchovy (Engraulis sp.) and sardine (Sardinops sp.) are important harvested species in four regions of the world: California Current system (CCS), Humboldt Current System, Benguela Current System, and the KuroshioOyashio Current System. Those stocks exhibit a low frequency (decadal) variability and, except for the Humboldt system, out-of-phase-like synchrony (to various degrees) of stock variation between anchovy and sardine (Lluch-Belda et al. 1989; Lluch-Belda et al. 1992; Schwartzlose et al. 1999) . Kawasaki (1983) and LluchBelda et al. (1989) found synchronized stock variation patterns of anchovy and sardine world-wide and suggested that these stock variations are influenced by global-scale climate forcing. Many correlation-based studies suggest that there are many processes linking climate forcing with the resulting variability in fish stocks (e.g., Yatsu et al. 2008) , but it is difficult to separate the influences of the various environmental and biological factors and harvest that all often covary together. Our approach here is to use a coupled modeling system and apply the model to sardine and anchovy in the CCS to elucidate the various processes that connect climate forcing to sardine and anchovy stock variation.
A reliable climate-to-fishery model is capable of demonstrating how certain modes of climate variability can impact fish stocks. The climate-to-fishery model used in this paper was originally implemented for anchovy and sardine in the CCS and, using a 1959 to 2008 historical simulation, was shown to adequately reproduce decadal scale stock variation of Northern anchovy (Engraulis mordax) and the Pacific sardine (Sardinops caeruleus) . Further analysis of the model output demonstrated the role of environmental variability and prey availability in setting up conditions favorable for the anchovy and sardine populations in the CCS (Fiechter et al. 2015) . In the present study, we further investigate an updated historical simulation (using an expanded model grid) by focusing on identifying the environmental factors and life stages that influenced the sardine and anchovy population responses after a notable climate change event, namely the 1976-1977 North Pacific regime shift.
Motivation
The North Pacific climate exhibited an abrupt change from 1976 to 1977 (Graham 1994; Miller et al. 1994) , which was characterized by a decrease in sea surface temperature (SST) in the central Pacific and a rise of SST in the eastern Pacific including the California Current (Venrick et al. 1987; Cayan 1992; Roemmich 1992) . This period also coincided with major changes in many North Pacific ecosystems that collectively have become recognized as an ecological regime shift or phase transition (McGowan et al. 2003) . Examples of species that were influenced by the regime shift in the CCS include giant kelp (Parnell et al. 2010) , zooplankton (Mackas et al. 2001) , salmon , soles , and marine mammals (Stone et al. 1997) .
Considering the different stock variation patterns of anchovy and sardine in the CCS, we speculate that the regime shift should have opposite impacts on their populations. Consequently, some studies imply that the change of ocean environment associated with the 1976-1977 regime shift triggered a species replacement (Benson and Trites 2002; Chavez et al. 2003) . Hare and Mantua (2000) reported that survival of age-0 anchovy on the US west coast decreased after the regime shift. They also describe the decrease of zooplankton abundance. Their suggestion that the regime shift lowered anchovy survival via reduced food availability can be tested using a coupled modeling framework. Fiechter et al. (2015) , using the same model as used here, identified periods of enhanced adult anchovy growth associated with increased prey availability in the CCS leading to increased egg production. Anchovy and sardine are both plankton feeders that occur from British Columbia to Baja California and can form mixed schools (Radovitch 1979) . If the poor feeding condition caused a low age-0 survival of anchovy, then we might expect that age-0 survival of sardine was also low during the same time period. Previous studies, including the model used here, suggested that age-0 survival exerts a significant control on adult sardine abundance via increased egg survival (i.e., reduced development time) during periods of warmer ocean conditions, such as those that occurred following the 1976-1977 regime shift (Fiechter et al. 2015) . While sardine catch data in British Columbia did not show the apparent phase transition during the regime shift (McFarlane and Beamish, 1999) , Barnes et al. (1992) suggested that age-0 sardine improved in California during the 1970s.
The sardine and anchovy ecological niches overlap to some extent. Due to differences in their spawning timing and locations, the overlap is relatively small in their early life stages. Peak spawning season of anchovy is from January to April and that of sardine is from February to June (Moser et al. 2001) . Sardine spawning grounds extend more offshore than anchovy spawning grounds (Hernandez-Vazquez 1994) . There are also differences in their feeding ecology. Sardine has finer mesh gill rakers than anchovy and therefore consumes smaller plankton as forage (Van der Lingen et al. 2006) .
There are two important upwelling conditions that supply nutrients to the surface layer in the CCS. One is coastal upwelling due to alongshore wind stress (Ekman transport), and another is curl-driven upwelling due to wind stress curl (Ekman pumping) (Rykaczewski and Checkley 2008) . While coastal upwelling is typically more intense and leads to primary production dominated by larger phytoplankton types, its effects are limited to the nearshore region. In contrast, weaker curl-driven upwelling extends farther offshore and supports primary production associated with smaller phytoplankton types. Based on species distribution and diet preferences, Rykaczewski and Checkley (2008) hypothesized that sardine survival in the CCS is related to the magnitude of curl-driven upwelling, while anchovy survival is related to the magnitude of coastal upwelling. The idea that anchovy and sardine survival are controlled by the different environmental factors related to differences in their habitat niche might explain the different response of age-0 dynamics to the 1976-1977 regime shift. Our analysis expands on modeling analyses to date (Deyle et al. 2013; Lindegren et al. 2013; Kaplan et al. 2017 ) by using coupled 3D ecosystem models to examine food availability and fish experiences on detailed spatial and temporal scales that are difficult from field data and spatially aggregated models. In addition, although the fish surveys have been conducted in the CCS for decades, reliable stock size estimates for sardine are not available around the regime shift due to the moratorium on fishing along the California coast from 1967 to 1985.
Methods/Experimental
We used the climate-to-fishery model of Rose et al. (2015) with the only changes being the southward expansion of the model domain to better represent the natural range of the fish populations and increased horizontal and vertical resolution of the grid. Below, we briefly present the four submodels that comprise the climate-fishery model and describe the methods we used to analyze the model output for regime shifts and for estimating coastal and curl-driven upwelling. A complete description of the coupled climate-to-fishery model is given in Rose et al. (2015) . An updated simulation of the period from 1958 to 1990 is analyzed here; our focus is on dynamics before and after the 1977 regime shift.
Climate-to-fishery model

Regional ocean circulation model
The ocean circulation model for the CCS is an implementation of the Regional Ocean Modeling System (ROMS; Haidvogel et al. 2008; Shchepetkin and McWilliams 2005) along the west coast of North America. The domain extends in latitude from the Baja California Peninsula (19°N) to British Columbia (50°N). The grid extends about 2300 km alongshore and about 1200 km offshore. The current domain is expanded from the original domain of Fiechter et al. (2015) , which originally extended from 30 to 48°N, to allow for movement of sardine and anchovy farther south. The current horizontal grid resolution is 7 km, and the vertical resolution is set to 50 non-uniform terrain-following levels. The ROMS model is forced on all open boundaries by weekly averaged fields from the Simple Ocean Data Assimilation (SODA) reanalysis to force the model with realistic transport values and temperature profiles (Carton et al. 2000; Rose et al. 2015) . Surface forcing is derived from the datasets for Common Ocean-Ice Reference Experiments (CORE2; Large and Yeager 2008) , which consist of 6 hourly winds, air temperature, sea level pressure and specific humidity, and daily short-wave and downwelling long-wave radiation and monthly precipitation.
NPZ model
The nitrogen concentration-based NPZ food web model NEMURO (Kishi et al. 2007 ) used in the present study contains 11 compartments, which represent small phytoplankton (PS), large phytoplankton (PL), small zooplankton (ZS), large zooplankton (ZL), predatory zooplankton (ZP), nitrate (NO 3 ), ammonium (NH 4 ), silicate (Si(OH) 4 ), particulate organic nitrogen (PON), biogenic silica (Opal), and dissolved organic nitrogen (DON). NEMURO is coupled to ocean circulation by solving a transport equation in ROMS for each NEMURO component at every time step. The initial and boundary conditions for nitrate and silicic acid are derived from monthly climatological concentrations (World Ocean Atlas 2001, 1°× 1°horizon-tal resolution; Conkright and Boyer 2002) . This model can reproduce realistic chlorophyll-a, nitrate, and temperature distribution .
Individual-based fish model
The individual-based fish model (IBM) is parameterized to represent anchovy and sardine. The IBM tracks individuals in continuous (Lagrangian) space within the ROMS 3D grid. Anchovy and sardine life cycles are defined by the egg, yolk-sac larva, larva, juvenile, and adult life stages. Temperature determines egg and yolk-sac larval development; length determines metamorphosis and maturation. Individuals are aged by 1 year on January 1. The IBM also includes a migratory predator species (similar to albacore) that imposes dynamically varying predation mortality rates on anchovy and sardine. While the population dynamics of sardine and anchovy are simulated with a full life cycle approach (adults release young who grow up to be adults and release young, etc.), only the movement and consumption of the predator species individuals is simulated. The position of each individual in three-dimensional space is updated hourly and followed both in continuous (longitude, latitude, depth) space and grid cell location.
Growth of larval, juvenile, age-1, and older anchovy and sardine individuals is computed based on bioenergetics and a functional response relationship. The functional response determines the hourly consumption rate and uses zooplankton concentrations interpolated to its location from NEMURO-generated zooplankton concentration in nearby spatial cells. The diet preferences (weighting of different zooplankton groups) vary according to species and life stage.
Four sources of mortality of sardine and anchovy are represented: natural, starvation, predation by albacore, and a fishing fleet. Natural mortality has a constant rate specific to each life stage. Starvation occurs when the fish weight drops below a minimum value allowed for that length. The effects of albacore predation (on both species) and fishing (sardine only) mortality is limited to age-1 and older individuals. Mortality values are derived from Butler et al. (1993) and Lo et al. (1995) . Since their estimation of mortality values were based on observation, they estimated the value with a width. We choose the average values that they assumed for simulation, but it is possible that the uncertainty of estimation causes the uncertainty of the simulation results.
Eggs, yolk-sac larvae, and larvae are moved horizontally using a passive transport (particle-tracking). Juvenile and adult anchovy and sardine individuals are moved every hour using a three-dimensional behavior (independent of physics) based on a kinesis approach (Humston et al. 2000 (Humston et al. , 2004 Watkins and Rose 2013) . The movement cues are the temperature and prey availability at the individual's present location. A seasonal feeding migration is also imposed on sardine individuals by biasing the kinesis movement poleward in May and equatorward during the September spawning migration. Eggs and yolk-sac larvae were positioned in a vertical layer, while larvae, juveniles, and adults were moved vertically within the water column by first locating them horizontally with kinesis and then moving them to the cell within the water column with the highest prey availability. The simulated sardine egg and larval distributions are consistent with the observation data (Politikos et al. 2018) .
Reproduction of mature fish (greater than a specific length on January 1) is represented as an allocation between somatic growth and egg production. Each batch of eggs is kept track of in an individual as the eggs develop or are resorbed; the model is configured to produce realistic numbers of egg per batch and number of batches per year for anchovy and sardine. The timing of batch releases depends mostly on the energy stores of the individual at the beginning of the spawning season (January 1 to May 1 for anchovy and February 1 to July 1 for sardine). A fecundity of batch depends on an individual female weight (Hunter et al. 1985) . In the simulation therefore, eggs per individual is related to weight and lagged annual growth rates and weights of younger classes. A previous study investigated the simulation and concluded that the long-term anchovy abundance is associated with age-1 growth via age-2 egg production (Fiechter et al. 2015) .
The IBM uses a version of the super-individual approach (Scheffer et al. 1995) , where a fixed number of model individuals are followed, with each model individual worth some number of identical population individuals. Mortality from all sources (except starvation) acts to reduce the worth of each super-individual over time. Upon reaching a maximum age, super-individuals are removed and their place in arrays is available to place new super-individuals to represent the next year's production of eggs. Location, worth (abundance of the individual), weight, growth, diet, and reproduction (if mature) are recorded every first hour of the day for each super-individual.
Agent-based fishery model
Fishing occurs every day of the year, as long as boats have access to a grid cell where expected net revenue is positive. The daily location choice, and associated daily catch, of individual boats that fish sardine individuals is simulated using a simplified multinomial logit, agent-based approach where boats maximize their expected net revenue for each trip. Details of the agent-based fishery model are written in Rose et al. (2015) .
Model outputs
Model outputs reported here are computed (summed, averaged) taking into account the worth of the super-individuals. For example, total adult biomass is the sum of worth over super-individuals and average length-at-age is a statistically weighted average over individuals using their worth as the weighting factors. The specific calculations for many of the outputs reported here are detailed in Table 6 of Rose et al. (2015) and Additional file 1: Table S1 .
Regime shift detection
A regime shift index (RSI) (Rodionov 2004 ) is applied to model results to identify significant regime shifts. The basic idea of detecting regime shift is to compare the average values of variables before and after a regime shift. The difference diff, which depends on accuracy of detection and detection length is set.
Here, t is the value of t distribution with 2l-2°of freedom at the given probability level p, σ 2 l is the average variance for running l year intervals in the time series of variables, and l is the cutoff length of the regimes. We set the significant criterion at the probability level 0.05 by a t test with certain years of the cutoff length. Three, five, seven, and ten years are used in RSI detection for the recruitment, and 10 years are used for other cases. Then, the levels that should be reached in the subsequent l years to qualify for a shift from regime R1 to regime R2 are estimated.
x R1 is the average of variables during regime R1. Finally, RSI for variable x in year j is calculated.
When the regime shift is up,
If at any time from i = j + 1 to i = j + l -1 the RSI value turns negative, the detection fails. We applied this regime shift detection method to the time series of model-generated stage survivals of anchovy and sardine, and the biological and physical variables (some are inputs and some are outputs) that affect the stage survival (e.g., zooplankton density, wind speed).
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The idea was to detect any responses of model results to the 1976-1977 regime shift. We also use our computed RSI values to show a spatial and temporal distribution pattern of a regime shift for certain environmental variables (e.g., zooplankton density) for each month. The environmental variables are binned on the horizontal grids from 7 km × 7 km to 1°× 1°and averaged in the upper 30 m of the water column, which corresponds to the main habitat depth of anchovy and sardine larvae.
When the RSI is detected in the significant levels of 0.05, 0.1, and 0.2 in 1977, we draw the RSI distributions on the map of the model grid. The original RSI always returns a positive value if the regime shift is up or down. In this study, we assign negative value for detected regimes that result in a negative shift.
Upwelling
Upwelling in the CCS is produced by two different processes: coastal upwelling and curl-driven upwelling (Pickett and Schwing 2006) . Here, we estimate the vertical transport associated with both types of upwelling using the results for the historical simulation. Coastal upwelling velocity, w coast , can be calculated given the density of seawater, ρ 0 , alongshore wind stress within 10 km of the coastline, τ a , and the local Rossby radius of deformation, R d (Smith 1968) . τ a was obtained from interpolated CORE2 data that is used as boundary conditions for ROMS. Based on earlier studies in the region, a Rossby radius of 10 km is used in the calculation (Pickett and Schwing 2006; Rykaczewski and Checkley 2008) .
The curl-driven upwelling velocity, w, can be calculated from Smith (1968) :
where ∇ × τ is the curl of the derived wind stress vector; ρ 0 is the density of seawater, and f is the Coriolis parameter. Volumes of the coastal upwelling and curl-driven upwelling for a certain area during a certain period are calculated by these coastal upwelling and curl-driven upwelling velocities. We divide the main sardine and anchovy habitats from 24°N to 40°N into a coastal region and an offshore region because observations and previous simulation reported that anchovy larvae have greater affinity for coastal waters than sardine larvae (Hernandez-Vazquez 1994; Rose et al. 2015) . The coastal region is defined as nearshore and is dominated by upwelling. The vertical velocity is integrated from 2 m to 120 m depth (Song et al. 2011 ) and averaged in 2°× 2°grid cells from January to June for each year. We define the region where the averaged vertical velocity from 1967 to 1986 is upward as the predominant upwelling region. Also, we divided larvae based on the center of gravity location of larval stage distribution. When the center of gravity is located inside (outside) the coastal region, the larva is named as "coastal larvae" ("offshore larvae"). To avoid artificial effects from dynamics near the boundaries, we removed the larvae from offshore larvae that are distributed in the grid cells next to the boundary. This is resulted in about 1% of offshore sardine larvae being removed from analyses.
In the latter half of analysis, we focused on the physical and biological components averaged in the coastal region. Zooplankton, phytoplankton, nutrients, and mixed layer depth (MLD) data used there were from simulation results, and heat flux, wind stress, wind speed, and temperature data were from the model input derived from the CORE2 data. In this study, the MLD was operationally defined as the depth where the temperature is 0.8°C lower than the surface (Kara et al. 2000) .
Analysis of the mixed layer depth
The change in the MLD also had an impact on the surface ecosystem dynamics in the historical simulation. In the CCS, the heat flux from the atmosphere to the ocean, the intensity of turbulent wind mixing, and coastal upwelling erode stratification in the upper layer of the water column and deepen the mixed layer (Husby and Nelson 1982) . Among these factors, the MLD variation is mainly due to wind (Jeronimo and GomezValdes 2010) . We therefore estimated the impact of the wind speed regime shift on the MLD regime shift in the simulation by using a bulk formulation of the entrainment velocity. The entrainment velocity is a measure of the evolution of the mixed layer, and therefore, we use the time integration of the entrainment velocity as a metric for mixed layer development. Qiu and Kelly (1993) provides a bulk model of the entrainment velocity, which contains the effects of wind mixing, absorption of the short-wave radiation, and potential energy changes from the net heat flux. We extracted the effect of wind mixing on the entrainment velocity from their bulk formulation as follows:
In Eq. 6, the entrainment velocity W e (m/s) is the objective variable. The parameter m 0 (set to 0.5) is the coefficient for the vertical wind mixing, u * is the frictional velocity defined as u * = (τ/ρ 0 ) 1/2 for wind stress τ and sea water density ρ 0 (= 1025 kg/m 3 ), MLD is the mixed layer depth at that time, α (= 0.00025°C −1 ) is thermal expansion coefficient, g is gravitational acceleration, and ΔT (set to 1.0°C, Qiu and Kelly 1993) is the temperature difference between the mixed layer and entrained subsurface water. The entrainment velocity at each time step is then calculated according to Eq. 6. We integrate the estimated entrainment velocities from October to February for each year in order to estimate the evolution of the mixed layer depth due to changes in the winds throughout the season. Then, we compared the average of the mixed layer development by wind for the periods before (1967-1976) and after (1977-1986 ) the regime shift.
Results
Comparison between model results and observations
Simulated long-term increasing trends of age-1 and older biomass of anchovy and sardine compared favorably to catch data from the Food and Agriculture Organization (Fig. 1 ). For anchovy, reported catch increased from 1958, with a maximum catch recorded in 1981 (Fig. 1a , gray line with crosses), until catch then sharply decreased after 1983. Simulated age-1 and older biomass of anchovy also increased from 1964 to 1982 and slightly decreased from 1982 to 1984, but then remained fairly constant after 1985 (Fig. 1a , black line with closed circles). Thus, simulated anchovy biomass exhibits a similar increasing trend as catch but levels off rather than sharply drops. Observations show that the El Niño in 1983 had a strongly negative influence on anchovy populations (Fielder 1984) , which may be underestimated in the model simulation.
Simulated adult biomass and catch of sardine both show an increasing trend (Fig. 1b) . The two drops in catch (1984 and 1989, Fig. 1b , gray line with crosses) are not captured by the model.
In our analysis, we focus on the interannual variability of the survival of the early life stages. Previous studies used empirical data and estimated recruitment rates (age-0 biomass per spawning stock biomass) from 1964 to 1991 for anchovy (Jacobson et al. 1994) and from 1936 to 1964 and from 1987 to 1991 for sardine (Jacobson and MacCall 1995) . We compare the normalized recruitment rate from our climate-to-fishery model with these reported estimates. In our calculation of recruitment rate, we used mature adult biomass instead of spawning stock biomass. Anchovy recruitment rate anomalies from previous study were negative from 1964 to late 1960s, positive from 1971 to 1976 and relatively negative after 1977 (Fig. 2a) . In the simulation, the recruitment rate anomalies are negative before 1964, positive from 1965 to 1976, and negative after 1977 (Fig. 2b) . The regime shift in 1977 is detected with a 7-year cutoff length for the previous study and also detected with a 10-year cutoff length for the current simulation. Although there is a difference between the previous study and the simulation around late 1960s, a regime shift occurred in 1977 after a regime of 7-10 years in both cases. For the sardine recruitment, it is difficult to compare the simulation with previous study, because the overlap of data period is very short. In the previous study, a regime was about 3 years occurred just prior to 1964, but the trend in 1970s was unknown (Fig. 2c) . In the historical simulation, a shift was detected in 196 after an approximate 5-year regime period and there is no regime shift in 1977 (Fig. 2d) . Mean and standard deviation of anchovy recruitment rate in previous study during 1964-1989 is 2.71 ± 2.39. For the historical simulation, mean and standard deviation for the same period is 1.41 ± 0.29. Thus, the stock level and amplitude of stock variation was underestimated in the historical simulation. Sardine recruitment shows the same tendency. Mean and standard deviation of sardine recruitment rate in previous study during 1936-1964 and 1987-1991 is 4.10 ± 4.03 compared to 0.75 ± 0.11 during 1959-1990 in the simulation. For the sardine, the comparison periods are different. But the sardine stock level 
and amplitude of stock variation was also underestimated in the simulation. We further investigated the variation in recruitment rate by examining the survival of the larval stage. Larval stage dynamics is often a driver of recruitment success (Hjort 1914; Houde 1987; Cushing 1990 ). In the California Current System, the California Cooperative Oceanic Fisheries Investigations project (CalCOFI) (calcofi.org) is a long-term observation program focused on physical and biological ocean conditions related to larval stage dynamics. We compare larval abundance between the model and the CalCOFI data. Simulated larval abundance is defined by the cumulative number of larvae produced each year. Larvae abundance data from CalCOFI is the integrated counts of larvae per 10 m 2 in oblique net tows from January to June for anchovy and from January to August for sardine.
CalCOFI data show that anchovy larvae appeared to increase from the end of 1960s to the early 1970s, abundance became low in late 1970s until a peak in the mid-1980s, after which larval abundance returned to relatively low levels (Fig. 3a) . Larval abundance in the simulation reproduces a similar increasing trend from the end of 1960s to early 1970s and then relatively stable values after that (Fig. 3a) . For sardine larvae, the simulated abundance shows a similar long-term increasing trend as the CalCOFI data from the end of the 1960s to the early 1980s, but it does not reproduce the short-term fluctuation in mid-1980s (Fig. 3b) .
While simulated and observed recruitment rate of anchovy showed a clear response to the 1977 regime shift (Fig. 2a and b) , simulated adult biomass (Fig. 1a) and larval abundance (Fig. 3a) did not. This is because the egg production increases during this time period in the simulation that more than offset the lowered recruitment rates (Fig. 4a) . Thus, the regime shift did not have a negative influence on the anchovy biomass itself. The egg production depends on adult female biomass and an individual female weight, which is determined by lagged annual growth rates. If the adult biomass increase led the egg production increase, the age-0 abundance would increase prior to the egg increase. Given there is no lag between interannual variation of age-0 abundance and egg production in the simulation (Fig. 4a) , this implicates that variation in egg production was due the average weights of age-1 and age-2 that are the main contributors to annual egg production. During the 1970s, age-1 growth rate showed sharp drops in 1972 and 1976 (Fig. 4b) . As a result of lower age-2 weight, hence lower reproductive output, egg production in 1973 and 1977 were almost the same as the previous years ( Fig. 4a) despite the continuous increase in annual egg production over time in the simulation.
Simulated age-0 and stage-specific survivals
We focus our analysis on age-0 survival, which is the determinate of recruitment rate that showed a negative response in anchovy after the 1977 regime shift. We compare the age-0 survival (eggs to recruitment at age-1) with the survival fractions during each of the : 1972 to 1973, 1976 to 1977, and 1982 to 1983 (Fig. 5a ). 1972-1973 drop occurs only in egg-yolk-sac stage survival (Fig. 5b) , and 1976-1977 and 1982-1983 drops only occur in larval stage survival (Fig. 5c ). Caution is needed in interpreting simulated juvenile stage survival because the stage ends on December 31 of each year, so prolonged larval stage would cause a shortened juvenile stage regardless of the dynamics of growth and mortality during the juvenile stage. A better proxy for the interannual differences in conditions experienced by the juveniles is their average growth rate, which is not influenced by a forced ending day for the stage. Juvenile growth rate for anchovies ( Fig. 5d) shows, at best, a weak correspondence to age-0 survival. While 1983 has low juvenile growth rate, the value for 1977 was intermediate and the lowest value was for 1972 that has among the highest age-0 survival.
The only significant positive correlation (r = 0.89, P < 0.001, d.f. = 18, t test) between overall age-0 survival and stage-specific survivals is for the larval stage. Average age-0 survival from 1967 to 1976 is 0.00106% and then a lower value of 0.00086% from 1977 to 1986. Thus, the age-0 survival drops by 19% from before to after the regime shift. The survival decline during the larval stage is from 0.061 to 0.046%, or a decrease of about 24%. The larval duration becomes longer after 1977 (Fig. 6a) , which is caused by a lower growth rate that decreases stage survival. Our analysis shows that the 1976-1977 regime shift has a negative effect on the age-0 survival of anchovy through the slower growth causing a decrease in larval stage survival.
For sardine, correlation analyses between age-0 survival and egg-yolk-sac stage survival, larval stage survival, or juvenile stage survival also suggest that the larval stage survival is most influential for causing interannual variation in the age-0 survival (Fig. 7) . As with anchovy, larval stage survival (Fig. 7c) has a significant correlation (r = 0.88, P < 0.001, d.f. = 18, t test) with duration of the stage (Fig. 6b) , and juvenile growth rate also did not show a strong relationship to age-0 survival (Fig. 7d) . However, in contrast to anchovy, there are no significant changes in the sardine age-0 survival (Fig. 7a) , and other stage survivals including the larval stage ( Fig. 7c) , corresponding to the 1977 (or 1983) drops seen in anchovy age-0 and larval stage survival. At least for the simulated dynamics, age-0 survival of sardine did not show any consistent differences between before versus after the 1977 regime shift.
Coastal larvae and offshore larvae
While the simulated anchovy larvae distribution focuses on the coastal region, the simulated sardine larvae distribution extends from the coastal region to the offshore region (Fig. 8) . On average over the historical simulation, 79% of the larvae are coastal for anchovy while only 31% are coastal for sardine. Simulated anchovy larvae are present from late January to early May and sardine larvae occur later, typically from March to July. Larval stage survival of coastal sardine larvae shows a slow decrease after 1977 (Fig. 9 , black line). This decline is judged to be a "regime shift" by the regime shift detection test. The decline of the larval stage survival between 1967-1976 and 1977-1986 is 15.6%. The decline is smaller than the decline of anchovy larval stage survival (Fig. 5c) . Survival of the offshore sardine larvae does not show such a regime shift like change (Fig. 9, gray line) . However, these changes in larval stage survival did not propagate through to age-0 survival or recruitment rate, because relatively few sardine larvae are found in the coastal habitat.
Factors controlling the interannual larval survival
Hereafter, we focus on the interannual variation of the larval stage. Larval mortality is determined by the growth, which is controlled by food availability and temperature. We compare the time series of larval stage survival with ambient zooplankton, which is calculated by daily zooplankton densities interpolated to the exact 3D position of each larva. Anchovies eat small and large zooplankton, while sardines only eat small zooplankton. The ambient small and large zooplankton densities correlate with the larval stage survival of anchovy ( Fig. 10a  and b) . The correlation coefficients between stage survival and small and large zooplankton densities are 0.86 (P < 0.001, d.f. = 18) and 0.91 (P < 0.001, d.f. = 18). Ambient zooplankton densities exhibit significant changes after 1977. The declines in means from 1967-1976 to 1977-1986 are 0.026 mmol N/m 3 (10.5%) for small zooplankton and 0.027 mmol N/m 3 (12.3%) for large zooplankton. The ambient zooplankton density for sardine also has significant positive correlation with the stage survival of both coastal and offshore sardine larvae ( Fig. 10c and d) . Corresponding to the drop in survival of the coastal sardine larvae, the ambient zooplankton density on the coastal sardine feeding grounds decreases around mid-1970s (Fig. 10c) . The decline in mean densities between 1967-1976 and 1977-1986 is 0.018 mmol N/m 3 (9.0%), which is smaller than the declines simulated for anchovy. Though warmer ocean temperatures could also lead to higher growth, the model results show no significant correlations between ambient temperature (computed similarly as zooplankton densities) and larval stage survival for anchovy and coastal or offshore sardine from the late 1960s to early 1980s (not shown). These results suggest that food availability is a main factor controlling interannual variation of the larval stage survival for both anchovy and sardine. The decrease of the ambient zooplankton density in anchovy habitat after the regime shift causes lower survival of anchovy larvae. Ambient zooplankton density of sardine that feed in the same coastal region as anchovy also shows a weak regime shift, while the prime habitat for sardine larvae (offshore) did not show a significant zooplankton regime shift and so the larval stage survival of offshore sardine larvae did not show a regime shift signal.
Regime shift of the plankton and nutrients in the coastal region
There are two possible mechanisms in the model that changed the ambient zooplankton densities for anchovy and for coastal sardine larvae during 1976-1977. One is a change of zooplankton density itself and the other is a change of spatial or seasonal distribution of the larvae. We cannot find any larval distribution pattern changes that seemed likely to result in a decrease ambient zooplankton density experienced by the larvae around mid-1970s. On the other hand, simulated zooplankton density near the coastal region shows a decline in 1977 (Fig. 11) . Thus, zooplankton density itself decreased in the feeding grounds of anchovy and coastal sardine larvae.
There is a notable feature in spatial distribution pattern in the coastal zone associated with this negative regime shift, which rarely occurs in the offshore region. The frequency of detection of negative regime shifts in the coastal area was exceptionally high for 1977. Negative regime shifts occur widely from January to May (typified by February in Fig. 11 ), but shows much lower occurrences beginning in June (Fig. 11) . Detailed monthly changes in the distribution of regime shift detections are shown in Additional file 2: Figure S1 , Additional file 3: Figure S2 and Additional file 4: Figure S3 . We note that the location and season of the zooplankton regime shift, winter-early spring in the coastal region, overlap with main feeding grounds of the anchovy larvae. However, the feeding grounds of sardine larvae are only partially affected.
In the NPZ model, one of the controlling factors of zooplankton density is the flux of nitrate and silicate from nutrients to zooplankton through phytoplankton production. The same regime shift detection around 1977 in zooplankton density shows that both phytoplankton and nitrate also decreased in the coastal region from winter to early spring (Fig. 11 ). Temperature was a controlling factor for phytoplankton growth in the model, and the MLD affected phytoplankton growth via changes in primary controlling factors, such as temperature, light exposure, and nutrient availability. After 1977, temperature rose and MLD decreased in the coastal region during winter to early spring (Fig. 12a) . The MLD averaged from January to April decreased by 2.4 m between 1967-1976 and 1977-1986 , and the maximum depth decreased by 2.5 m. This decrease implies that temperature and light conditions, which are depending on averaged MLD, were favorable for phytoplankton growth after the 1977 regime shift. Averaged nitrate concentration in the coastal region from January to April, averaged over the upper 30 m of the water column, decreases by 0.88 mmol N/m 3 (7%) between 1967-1976 and 1977-1986 mean (Fig. 12b) and ammonium and silicate concentrations also showed similar decreases after 1977 ( Fig. 12c and d) . The decline of nutrients resulted in an average decrease of 0.06 mmol N/m 3 (16%) of phytoplankton (Fig. 12e) leading to an average decrease of 0.08 mmol N/m 3 (21%) in zooplankton density (Fig. 12f) .
Regime shift effects on nutrient supply
There are three main nutrient supply routes to the coastal surface layer: horizontal advection, vertical advection, and vertical diffusion. Horizontal diffusion is small enough to be negligible when compared to the other two factors. We compare the nitrate supply into the coastal upper 30 m of the water column across the lateral and bottom boundary by the three supply processes from before the regime shift (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) to the period after (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) between October and June. The supplied nutrients are not always immediately taken up for photosynthesis. The autumn nutrient 1 year prior affects the nutrient concentration in winter. The total nitrate supply from December to April decreases after the regime shift, but then increases during May to June (Fig. 13a) . The significant difference between before and after the regime shift is shown from December to January and in April. This result is consistent with the former analysis that the negative nitrate regime shift disappears after May. The nitrate supply by vertical advection shows a similar seasonal change as the total nitrate supply, and with a larger reduction between 1967-1976 and 1977-1986 (Fig. 13b) . The significant difference between before and after the regime shift is shown from October to January and in April. In December, while the vertical advection is positive before 1977, the vertical advection is negative after 1978. The negative value implies that nitrate is removed from the coastal surface layer. The nitrate supply due to horizontal advection and by vertical diffusion increases after the regime shift ( Fig. 13c and d) . Figure 14 shows the time series of nitrate supply integrated from October to April. The total nitrate supply and the nitrate supply by vertical advection drop in 1977 ( Fig. 14a and  b ), but there is no drop in 1977 for the nitrate supply due to horizontal advection and by vertical diffusion ( Fig. 14c and d) . Since the nitrate supply by vertical advection decreases 1.02 × 10 14 mmol N from average 1967-1976 mean to 1977-1986 mean, the total nitrate at the same period decreases 6.96 × 10 13 mmol N. Thus, the seasonal and interannual variation of the total nitrate supply mostly depends on the vertical advection, which after the regime shift, decreases during autumn to early spring in the coastal region. Given that silicate supply is also mostly controlled by the vertical advection and that the main source of ammonium is nitrification, the same vertical advection effects applies to all nutrients. Nutrient-rich subsurface water is introduced into the surface layer in the model by two processes: deepening of the seasonal mixed layer and the upward movement of a volume of water (upwelling). The maximum depth of winter mixed layer becomes shallow after the regime shift in the coastal region (Fig. 12a) , causing a reduction in the nutrients available to phytoplankton in the mixed layer.
In the CCS, there are two types of upwelling: coastal upwelling and the curl-driven upwelling. The mean volume of the coastal upwelling (8.2 × 10 12 m 3 ) in the simulation is 13 times larger than that of the curl-driven upwelling (6.0 × 10 11 m 3 ) (Fig. 15) . Coastal upwelling was reduced in the simulation in autumn of 1976 and winter of 1977. From October to April, the coastal upwelling decreased from 9.0 × 10 12 m ( Fig. 15a) . Contrary to the coastal upwelling, there is not a significant change during the mid-1970s for the curl-driven upwelling (Fig. 15b ). Our analyses show that both the change in MLD and coastal upwelling caused the reduced vertical nutrient supply in the regime shift.
Regime shift of the heat flux and the wind stress
We investigate the historical simulation for interannual variation of the heat flux and the wind speed in the coastal region between October and April. While we do not find a step-like regime shift in the upward net heat flux, there is a noticeable drop in 1977. Average net heat 1967-1976 and 1977-1986 (Fig. 16a ). Thus, it is possible that weakened cooling from autumn to early spring after 1977 enhanced the stratification.
Net heat flux is composed of sensible heat flux, latent heat flux, short-wave radiation flux, and long-wave radiation flux. Time series of each flux is shown in Fig. 16b and c. Among them, only the sensible heat flux decreased after 1977 (Fig. 16b (Fig. 17a) . On the other hand, the difference of temperature between sea surface and atmosphere does not have a regime shift or specific decrease in 1977 (Fig. 17b) . These results suggest that the weakened absolute wind speed in the simulation causes a weak cooling, strong stratification, and shallower MLD. Using Eq. 6, this difference of 0.2 m/s would generate about a 4-m difference in MLD during February, which is comparable to the 2.5 m decrease of the maximum MLD during the historical simulation (Fig. 12a) .
The reduced coastal upwelling itself, together with the MLD shoaling, causes the nutrient regime shift in the historical simulation. Alongshore wind speed that controls the coastal upwelling shifts from strong phase to weak phase in 1977 (Fig. 18 ) the same as the absolute wind speed (Fig. 17a) . The notable difference between the mean wind speed before regime shift and that after the regime shift appears clear from late November to April in both wind speeds (Fig. 19) . This seasonal variation is consistent with the result that the regime shift reduced vertical nutrient flux (Fig. 13) and lowered surface nutrient concentrations occurred from winter to early spring (Fig. 11) . Thus, as the background of the nutrient regime shifts, there is a decrease of the wind speed from late autumn to early spring in the coastal region including the near shore region. We used our analysis of the historical simulation described above to formulate a conceptual diagram on how the 1977 North Pacific regime shift affected anchovy and sardine (Fig. 20) . Wind speed, especially the alongshore component, decreased in the California coastal region from late autumn to early spring leading to reduced coastal upwelling. The weak upwelling is linked to the intensity of the stratification. In addition, the reduced absolute wind speed cannot sufficiently cool and mix the surface layer, which results in a relatively shallow mixed layer. Nutrient concentrations decreased due to the weak coastal upwelling and shallow mixed layer, which resulted in a low zooplankton density in the coastal region between winter and spring. The forage decline impacts the stage survival of anchovy larvae that feed mainly in the coastal region. However, while a part of the sardine larvae was under the influence of the coastal forage decline, most sardine larvae fed in the offshore region from spring to summer and were thus less exposed to reduced prey availability. This explains why the age-0 survival of anchovy had become low after the regime shift, while the regime shift had a little impact on the age-0 survival for sardine. Based on our historical simulation using the climateto-fishery model, we suggest that the influence of the regime shift had both temporal (seasonal) and spatial footprints. The causes emerge due to the different responses to the regime shift by anchovy and sardine in relation to their particular ecology. The possibility that anchovy is more sensitive to changes in coastal upwelling than sardine has been suggested by Rykaczewski and Checkley (2008) . This finding is also supported by an earlier analysis using the same model as used here (Fiechter et al. 2015) , which found that the primary factor controlling anchovy population abundance in the CCS was changes in egg production associated with varying adult growth conditions (i.e., prey availability) in the coastal upwelling region. Our results support this hypothesis by explaining the underlying process of how the changes in coastal upwelling affected anchovy and sardine. Furthermore, we find that considering temporal variability within the year is crucial for understanding the niche differences between sardine and anchovy (e.g., Fig. 20) .
Our simulation is not perfect. The biomass does not reproduce the yearly variation completely, and recruitment rate is smaller than that of observation data. One of the causes of model uncertainty is the parameter value of the individual-based fish model. The biological parameter (e.g., mortality rate) is not a uniquely determined value in the real world. For some parameters, field survey data presented a value range and we chose a value in a range. The historical simulation did not fully reproduce the absolute values (biomass, abundance) and interannual variation of the sardine and anchovy dynamics. Our model is best viewed as a tool for exploring how environmental variation on decadal scales can affect anchovy and sardine recruitment and population dynamics. The model skill of ours is not yet sufficient for use for tactical fishery management (Collie et al. 2016) . We used the historical simulation here to examine how different physical and biological processes related to the 1977 regime shift combined to affect anchovy and sardine recruitment.
Influence of coastal upwelling
There are two possible mechanisms for the simulated nutrient decline to the CCS: weakened coastal upwelling and shallowing of the winter mixed layer. While the coastal upwelling intensity has been regarded as a main controlling factor for productivity in the CCS (e.g., Ryther 1969), impact of stratification (MLD) change on nutrient supply is also significant (Traganza et al. 1987; Jacox and Edwards 2011) . However, upwelling and stratification changes are not independent. Both weak coastal upwelling and strong stratification (shallow mixed layer) are caused by weakening of wind, but weak coastal upwelling itself also causes strong stratification. Thus, we considered that the weakening of coastal upwelling is important as direct and indirect factors driving the regime shift in nutrients and consequently in anchovy. A study of zooplankton decline in the 1976-1977 regime shift by McGowan et al. (2003) did not find a significant correlation between the upwelling index, which is a measure of coastal upwelling, and zooplankton density in the CCS. Our results that the regime shift in the coastal upwelling is only significant between winter and early spring may help refine analyses like McGowan et al. (2003) . The importance of upwelling phenology in the CCS for seasonal development of the ecosystem is also confirmed by krill and juvenile rockfish abundance (Schroeder et al. 2014) .
Because the coastal upwelling is most active from spring to summer (Garcia-Reyes and Largier 2012), the interannual variation during the weak upwelling season (autumn and winter) may be difficult to detect in observational data. The alongshore wind speed that caused coastal upwelling dropped to near 0 in early winter and sometimes even reversed (Fig. 19a) . The difference between upwelling and downwelling can be critical in determining nutrient conditions. Thus, even though the absolute value of alongshore wind speed in winter is not Conceptual summary of regime shift effects on sardine and anchovy based on the analysis of the historical simulation. Schematic diagram illustrating a chain reaction from the wind regime shift after 1977 to anchovy and sardine dynamics. The weakened wind speed from autumn to early spring links to the low food density in the coastal area, which affects many of the anchovy larvae. Consequently, age-0 anchovy survival is reduced after the regime shift. On the other hand, most of the sardine larvae that were distributed in the offshore region from spring to summer were unaffected by the regime shift Nishikawa et al. Progress in Earth and Planetary Science (2019) 6:9 large, the interannual variation of the coastal upwelling had a substantial impact on the ecosystem through the nutrient supply.
